This paper proposes an event-triggered fuzzy adaptive control for a class of uncertain nonlinear systems with input dead-zone. Considering that the approximation error is a time-varying function, improved Fuzzy Logic Systems(FLSs) are applied to address the uncertain parts of the considered systems. And a designed auxiliary system is introduced into the control design to compensate the effects of input dead-zone, which often occurs to actual systems. Moreover, a novel event-triggered strategy is established to further save system transmission resources. It contains a two-bits signal transmission mechanism. According to the theoretical analysis and simulation results, the boundness of all signals can be guaranteed and the validity of the proposed method can be verified.
I. INTRODUCTION
How to save the system's transmission resources is a research hotspot for the limitation of communication bandwidth in the actual networked control system, see [1] - [4] . Event-triggered control strategy has evolved rapidly, because it can save transmission resources effectively, see [5] - [8] . In [6] , event-triggered scheme was combined to deal with the fault detection of considered system. In [7] , aiming at actuator failures and hysteresis input, a new optimization algorithm was designed, which combined event-triggered controller with backstepping technology. It can ensure the boundness of the tracking error as well as save transmission resources. The above methods can save system transmission resources effectively. However, none of them took into account the input dead-zone of the considered systems.
In addition, the main focus of existing event-triggered strategy is how to save transmission resources by setting more reasonable triggering conditions without paying much attention to the transmission of control signals at the time The associate editor coordinating the review of this manuscript and approving it for publication was Mou Chen . of triggering, see [9] - [13] . The scholars in [9] proposed a novel event-triggered algorithm to handle the issue of continuous monitoring of measurement errors. In [12] , combined with two threshold strategies, a switching threshold event-triggered method was designed. Therefore, the ulteriorly research on how to further save transmission resources when triggered is significant. Due to external interference or self-constraints, nonlinear systems alway have uncertainty. Undoubtedly, the uncertain parts will have great impact on system performance. There are many methods to handle this issue, such as neural network [14] - [17] and FLSs [18] - [21] . In [15] , the event-triggered strategy was presented for nonlinear uncertain system by the applying neural networks to approximate the uncertain parts. In [18] , considering the actuator failures, combined with FLSs, an event-triggered compensation control was investigated. The above results can effectively compensate the uncertain parts of the considered systems. However, the approximation errors are regarded as a bounded constant in these methods, while it is time-varying in practice.
The phenomenon of input dead-zone often exists in actual systems and has a great influence on the control performance.
How to compensate the input dead-zone with effective method still remains an open issue, see [22] - [25] . In [22] , the output dead-zone was taken into account, while the input dead-zone was not considered. In [23] , it proposed a novel adaptive control approach to address the unknown input deadzone. However, these methods did not take into account the communication bandwidth constraints of practical system. Thus, how to handle the input dead-zone problem while considering the system communication bandwidth constraints remains a great challenge.
Motivated by the aforementioned, the issues of how to effectively control the nonlinear uncertain system suffered transmission resources constraint and input dead-zone are investigated. The mainly contributions of the proposed methods will be enumerated below:
1) How to save transmission resources is a great challenge while considering the input dead-zone and the uncertain parts of system. Aiming at the setting of the trigger condition and the transmission of the control signal when triggered, a novel event-triggered strategy is proposed to further save the system's transmission resources.
2) The approximation error is treated as a bounded constant in most of the traditional methods for facilitate processing. However, the approximation error is a time-varying function in practice, see [14] - [21] . In this paper, the improved FLSs are applied to deal with this issue, which considers the compensation of time-varying errors.
3) Compared with the system considered in [22] - [25] , this paper takes into account the input dead-zone of the nonlinear systems while suffering transmission resources constraints. An auxiliary system is introduced into the control design to compensate the impact of input dead-zone. Integrated with backstepping technology, an adaptive compensation control is proposed.
The remainder of this paper is arranged as follows. The model of considered system is proposed in Section II. And the design and analysis of adaptive fuzzy compensation event-triggered control is shown in Section III. Then, two examples are simulated by the proposed method to verify its validity in Section IV. Lastly, in Section V, conclusions will be given.
II. FORMULATION AND PROBLEM A. NONLINEAR SYSTEM MODEL AND CONTROL OBJECTIVE
In this paper, the following nonlinear uncertain systems are taking into account.
where x 1 , . . . , x n ∈ R are the system states. y ∈ R and D (u) represent the system output and input dead-zone nonlinearity. And f i (·) (i = 1, . . . , n − 1) is unknown γ −th order smooth nonlinear functions. For convenience of processing, f i (·) can be written as f i . This paper's control objective is to guarantee the tracking performance and further save transmission resources of the considered system, which is significant. D(u) can be defined below:
FIGURE 1 shows the model of input dead-zone. And u ∈ R denotes the dead-zone input signal. P l and P r are the uncertain breakpoints that represent dead-zone input u on the left and right axes, respectively. k l and k r are the left and the right uncertain slopes characteristic for the dead-zone. D (u) is simplified into the following form:
(3)
B. THE RESEARCH OF FLSS
In the traditional approximation control method, for the convenience of processing, approximation error is often treated as a bounded constant. But in practical systems, the approximation error is a time-varying function. Consider this problem, in this paper, the approximation error will be treated as a time-varying function into the control design. Improved FLSs are applied to approximate the uncertain parts of the considered systems. The FLSs are designed as follows:
where θ = (θ 1 , θ 2 , . . . , θ N ) T is presented as the unknown weight vector with the integer N , δ (X ) = (δ 1 (X ) , δ 2 (X ) , . . . , δ N (X )) T ∈ R N and VOLUME 8, 2020 X q = x 1 , x 2 , . . . , x q denote the vector of known fuzzy basis function and the input vector of approximate function respectively. The fuzzy basis function is designed as follows:
sented as the width and the center of the receiving field of the basis function. Lemma 1 (See [26] ): K X q is designed as a continuous nonlinear function, and we can get that
And (6) can be rewritten as
where ϑ X q is expressed as the time-varying approximate error, which satisfies ϑ X q ≤ ε q . Remark 1: The approximate error is time-varying in practical systems. In this paper, the improved FLSs are designed to handle this issue, which takes time-varying approximate error into account.
For subsequent design, we give the lemmas below. Lemma 2 (See [27] ): The hyperbolic function holds the following property [28] ): For ∀γ ,γ andγ represent the estimate and estimate error of χ , respectively.γ = γ −γ . Thus
III. EVENT-TRIGGERED FUZZY ADAPTIVE COMPENSATION CONTROL DESIGN A. FUZZY ADAPTIVE COMPENSATION BACKSTEPPING DESIGN
It is difficult to obtain excellent tracking performance while the phenomenon of input dead-zone is taken into account. In this paper, an auxiliary system is introduced to eliminate the influence of input dead-zone. The auxiliary system is defined as follows:
whereD (u) represents the estimate of D (u). ϕ is a designed constant, ϕ 1 > 1 2 , ϕ i > 1 (i = 2, 3, . . . , n). Remark 2: If the system does not take into account input dead-zone, it means that D (u) = u. In the ideal state, the value ofD (u) and D (u) are equal. Thus, the state of the auxiliary system will always be zero, τ 1 = 0.
Then, the coordinate's transform is given as follows:
where α i−1 denotes the virtual control laws. z i is error variable, and r (t) represents the reference signal. Then, combining backstepping technique, the control design process of this paper is shown below:
Step 1: Through the above analysis,ż 1 can be obtained:
The Lyapunov function V 1 is defined as
From the research of FLSs, the following definition are given.
Vector θ ∈ R r denotes the unknown functions contain the unknown weight vector and ϑ i are the time-varying approximate errors.
The design of virtual control law α 1 and tuning function η 1 are presented below.
where c 1 is a positive constant. In order to ensure the conductibility and smoothness of virtual controller, sg i function in reference [29] is used to replace sgn function. Then, it can get thaṫ
The adaptive controllerε 1 is designed as follows:
And (16) can be rewritten aṡ
Step 2: Define Lyapunov function V 2 as
T 2ε 2 (20) From (15), we can obtaiṅ
Similar to step 1, the design of virtual control law α 2 and tuning function η 2 are given below.
From FLSs, define that
Owing to sg i function, we have
Substituting (21)- (24) into (20), one haṡ
The adaptive controllerε 2 is designed as follows:
Combined with (26), we havė
Step i As similarly, V i is chosen below:
Then,V i will be computed aṡ
From (22), we havė
Respectively, α i and η i are given below:
From FLSs, we have
The adaptive controllerε i is designed as follows:
Combining (30)-(33),V i will be recomputed tȯ
Firstly, we give the definition below:
where ∀t ∈ [t k , t k+1 ), t k , t ∈ z + , 0 < ψ < 1, m 1 , m 2 , K , m 1 > m 1 1−ψ ,m 2 > m 2 are all positive design parameters. From (3), we can get the following definition.
whereD (u) is the estimation of D (u),D(u) is estimation error, andD(u) is equal to the difference between D (u) and D (u). It can also obtain thatD (u) =P T W . Defined e (t) = w 1 (t) − u (t), the encoder is designed as below, which is using two-bit digital numbers.
Remark 3: From [12] , aiming to deal with the impact of control signal magnitude, the parameter K is designed. It can effectively avoid the loss of system performance due to excessive control signals when triggered. And when the control signal D (u) approaches zero, the considered system will be control more accurately.
According to the design of the encoder, the decoder can be set accordingly as
According to the above three encoding and decoding methods 11, 10 and 00, we designed the three cases below.
Case 1: The two-bit digital number will be code as 11. The adaptive controller is designed as follows:
Form (38) and (39) yields
where κ 1 (t) and κ 2 (t) are time-varying parameters, t ∈ [t k , t k+1 ), they satisfy |κ 1 (t)| ≤ 1 and κ 2 (t) ≤ 1.
Defined the Lyapunov function V n as:
From (35), we can know that z n w 2 ≤ 0, owing to −1 ≤
. Utilizing (41) and Lemma 2, we can obtained that
≤ − |z n α n | + 0.557 ≤ z n α n + 0.557 (44) Substituting (44) into (57) arrives aṫ
The adaptive controllerε n is designed as follows:
ε n = λ ε n z n sg n (z n ) − λ ε n ρε n (46) From (30), we havė
Similar to (22) , the design of virtual control law α n and tuning function η n are given below.
From FLSs, the following definitions is Given.
The adaptive controllerṖ is designed aṡ
From Lemma 3, it can get that
Setting ξ 1 = min 2c 1 , . . . , 2c n , λ 1 ρ, λ 2 ρ, λ ε 1 ρ, . . . , λ ε n ρ . Theṅ
In this case, the two-bits digital number will be code as 10. The adaptive controller is designed as follows:
Form (38) and (39), one has
Differentiating V n can be geṫ
When ∀t ∈ [t k , t k+1 ) and |e (t)| ≤ m 2 , it can know that w 2 (t) = κ (t) m 2 + u (t), and κ (t) denotes a continuous time-varying parameter.
From Lemma 2, one has z n u = z n α n − z nm2 tanh z nm2 − z n κ (t) m 2 ≤ z n α n − |z nm2 | + |z n κ (t) m 2 | + 0.2785 ≤ z n α n + 0.2785 (58) Therefore,V n will be recomputed tȯ
The adaptive controllerε n is designed as follows: ε n = λ ε n z n sg n (z n ) − λ ε n ρε n (60)
Similar to Cace 1, it can get thaṫ
From FLSs, defined that
Thereforė
Combined with (51) and (52), we havė
where ξ 1 = min 2c 1 , . . . , 2c n , λ 1 ρ, λ 2 ρ, λ ε 1 ρ, . . . , λ ε n ρ ,
In this case, the two-bit digital number will be code as 00. Since D(u) does not reach the trigger condition, it will not be triggered.
Therefore, the value of u (t) will maintain unchanged, i.e. u (t k+1 ) = u (t k ).
C. STABILITY ANALYSIS
It can obtained thatV n ≤ −ξ 1 V n + . Thus, we can get the following theorem.
Theorem 1: Consider the nonlinear uncertain systems (1), the input dead-zone model (2), the virtual controllers and parameter adaptive laws (15) , (22) , (31), (48), (62), and event-triggered control strategy (38), (39) can guarantee that 1: All signals of the closed-loop system are boundedness. 2: The zeno behavior is excluded effectively. Proof: From the analysis above, the stability analysis of considered system will be divided into three parts.
Case 1: SinceV n ≤ −ξ 1 V n + 1 , all the signals of the closed-loop system can be known boundedness and [30] . So z 2 1 will be bounded with a compact set = z 1 | z 2 1 ≤ 2 1 ξ 1 at a rate of ξ 1 , which converges exponentially. If λ −1 i (i = 1, 2, ε 1 , ε 2 , . . . , ε n ) is decreasing owing to ρ ξ 1 ≥ λ −1 i or decreasing , the size of will be reduced, while the convergence speed ξ 1 is set.
For
Therefore, the considered system is convergent. From the above analysis,ẇ 2 (t) must be continuous. So the boundedness of all the signals can be guaranteed, and there will be a constant υ > 0 satisfied |ẇ 2 | < υ. It is noted that e (t) = 0 and lim t→t k+1 e (t) = m 1 , so it can know the lower bound of intervals t * > 0 will meet t * ≥ n|u(t)|+m 1
Thus, the zeno-behavior can be effectively avoided. Case 2: In this case, the code is 10. All the closed loop signals are globally bounded. And z 2 1 is bounded by a function with a compact set = z 1 | z 2 1 ≤ 2 2 ξ 1 at a rate of ξ 1 , which converges exponentially.
Setting e (t) = w 1 (t) − u (t) , ∀t ∈ [t k , t k+1 ), it can be guaranteed the lower bound of inter-execution intervals t * > 0, which will meet t * ≥ m 2 υ . So the Zeno-behavior also can be effectively avoided.
Case 3: In this case, the code is 00. As the control signal does not meet the trigger condition, no trigger event will occur. The control signal will hold the value of the previous moment. Thus, the nonlinear system with input dead-zone is stable. And no zeno behavior will be occur.
The auxiliary system's stability analysis will be provided below.
Choose the Lyapunov function V τ as
where w is a known selectable positive constant,
So it can obtain that the auxiliary system is stable.
Remark 4: As for the auxiliary system, its stability can be proved in theoretical by choosing appropriate Lyapunov function. However, how to deal with the term of 1 Thuṡ
Remark 4: As for the auxiliary system, its stability can be proved in theoretical by choosing appropriate Lyapunov function. However, how to deal with the term of 1 2w 2 3 effectively is still remaining an open issue.
IV. SIMULATION AND RESULTS

A. NUMERICAL EXAMPLE
In this subsection, the nonlinear uncertain system with input dead-zone are defined as
where f 1 (x 1 ) and f 2 (x 2 ) are the unknown smooth nonlinear function, f 1 (x 1 ) = 1 − sin 2 x 1 , f 2 (x 2 ) = sin x 2 . The initial values of x 1 , x 2 and y are respectively x 1 (0) = 0, x 2 (0) = 0 and y (0) = 0. In addition, r = sin (t) is chosen as the reference output.
The auxiliary system is described as follows:
The membership function of approximation system is designed below.
The virtual controllers and the parameter update laws are shown as follows: where the parameters of the proposed event-triggered method are chosen as follows: K = 0.8, m = 0.5, m 1 = 0.01, ψ = 0.1, = 0.01, ρ = 0.1, q = 0.1, c 1 = 20, c 2 = 2, λ 1 = 0.05, λ 2 = 0.01, ϕ 1 = 10, ϕ 2 = 5. FIGURE 2:a) shows the trajectory of actual outputs and reference signal. From FIGURE 2:b) , the tracking error is within 6%. It can know that the system output is bounded while the tracking performance of the system can be well guaranteed. The practical control inputs and event-triggered control inputs are presented in FIGURE 2:c) and FIGURE 2:d). The event-triggered numbers of numerical example are given in TABLE 1. The original transmission number of the control inputs are 100 times per second. Under the action of the proposed event-triggered control mechanism, the maximum number of transmissions per second of the control signal is 23. Compared with traditional methods, the bandwidth resources are reduced by more than 70%. Thus, we can know that all signals of the system are bounded. It is proved that the proposed method can further save the transmission resources as well as ensure system performance.
B. PRACTICAL EXAMPLE
In this subsection, a second order robotic manipulator system is applied to illustrate the proposed method's feasibility in practical application [31] . Choose the system as follows:
where the mechanical arm mass is m = 0.1kg, and the gravity acceleration is g = 10m s 2 , the centroid to joint length is l = 1m. And J = 1 is denoted as the rotation inertia. B =1 represent the damping coefficient. The parameters are chosen below: D = 0.8, m = 0.5, m 1 = 0.01, ψ = 0.1, = 0.01, q = 0.1, c 1 = 10, c 2 = 2, λ 1 = 0.05, λ 2 = 0.01, ϕ 1 = 10, ϕ 2 = 5.
The simulation results of the practical example are presented in FIGURE 3. It is obviously that the simulation results of the practical example are similar to the numerical example. In this example, the tracking error is within 3%. Meanwhile, the system can save more than 80% of bandwidth resources from TABLE 2. It indicated that the proposed method is also applicable in practical examples, which can ensure system
